Abstract-In order to improve the efficiency of the quasi-optical mode converter, two methods to design mirror systems for a 170 GHz gyrotron operating in TE 32,9 mode are presented in this paper. The first method is to use Katsenelenbaum-Semenov Algorithm (KSA) to design the structure of the mirror. The second method to design the mirror system depends on the phase difference on the mirrors, so we name it PD method. The mirror system consists of three mirrors, and the mirror center position and mirror size are the same for both methods. For the first method, the scalar and vector correlation coefficients obtained at the window are 99.45% and 98.12%, respectively, and the mirror system has been designed with a transmission efficiency of 97.25%. The scalar and vector correlation coefficients and mirror system transmission efficiency are 99.73%, 98.85%, and 97.67% respectively for the second method. Simulation results of the two methods are compared and analyzed, which provide a reference for the design of gyrotron quasi-optical mode converter mirror system.
INTRODUCTION
The gyrotron quasi-optical mode converter consists of two components: 1) a launcher which transforms the cavity mode into a Gaussian-like beam; 2) a mirror system which can change the direction and correct the phase of the Gaussian-like beam. The beam mentioned below in this paper refers to Gaussian-like beam (or RF beam). For high power gyrotrons, high efficiency is very important not only to minimize the prime power required for operation but also to guarantee satisfactory operation over the lifespan of the device [1] [2] [3] . Improving the efficiency of the quasi-optical mode converter is of great importance. There are two ways to improve the efficiency of quasi-optical mode converter. One is to increase the Gaussian mode content of the beam radiated from the quasi-optical launcher; the other is to improve the transmission efficiency of the mirror system which is directly related to the Gaussian beam content of the output beam on the window. In recent years, with the development of the International Thermonuclear Experimental Reactor (ITER) project, researchers have done a lot of work on the gyrotron quasi-optical mode converter. In [4] the authors proposed a numerical synthesis method to design a hybrid-type launcher for increasing the Gaussian mode content of the radiation beam. A launcher designed by this new method has been tested to transform the TE 32,9 mode of the ITER EU 1-MW gyrotron operating at 170 GHz. In [5] , a quasi-optical mode converter which consists of a Denisov launcher and a quadratic surface mirror system for a 0.42 THz, TE 17,4 mode pulsed gyrotron has been designed and tested. Since the phase correcting mirror is not designed by the authors, the scalar Gaussian mode content is only 95.2% on the window by hot test. It is necessary to add phase correction mirrors to the mirror system to improve the Gaussian mode content on the window.
In the gyrotron quasi-optical mode converter, the beam radiated from the quasi-optical launcher is an elliptical Gaussian beam with certain astigmatism and ellipticity. Ellipticity is defined as the ratio of the beam waists in perpendicular directions, and astigmatism is defined as the difference of positions of the beam waists [6] . Mirrors with quadratic surface contour functions are widely used to shape the beam radiated from the launcher in order to obtain a Gaussian field distribution with desired parameters at the gyrotron window. When the Gaussian-like beam is incident perpendicularly to these mirrors, it can be converted into another Gaussian-like beam characterized by a different set of parameters. However, in the quasi-optical mode converter mirror system, the wave beam is incident to the mirrors at a certain angle. Then the quadratic surface mirrors do not match the wave-front phase well, which leads to low transmission efficiency of the mirror system [6, 7] .
Phase correction is one of the effective ways to improve the Gaussian mode content on the window. Early phase correction mostly relied on beam measurement experiments. In [8, 9] , the authors measured the field amplitudes at different positions on the beam propagation path and obtained the mirror profile by phase iteration algorithm. Due to the tedious process of experimental measurement, this method is rarely used at present. KSA is relatively simple and easy to implement. The convergence speed and accuracy of the algorithm can meet the development requirements of high-power gyrotron quasi-optical mode converter [10] [11] [12] [13] . In order to improve the Gaussian mode content of the RF beam furthermore, and then to decrease the stray radiation in the tube, two adapted phase correcting mirrors have been designed by KSA for a 170 GHz TE 34,19 mode coaxial-cavity ITER gyrotron at Karlsruhe Institute of Technology (KIT) [14] . In [15, 16] , two adapted phase correcting mirrors have been designed for a 94 GHz TE 62 mode gyrotron. A new method (PD method in this paper) for synthesis of beam-shaping mirrors is proposed to reduce the astigmatism and ellipticity of the beam further. In [17] , PD method was first adopted to design a mirror system for a 1-MW, continuous wave, 170-GHz, TE 32,9 -mode gyrotron in International Thermonuclear Experimental Reactor (ITER) within the European Gyrotron Consortium. In the published article, the author did not describe how the PD method was implemented, and the results showed that there was a side lobe besides Gaussian field distribution on the window. The key point of PD method is to generate the surface contours of mirrors according to the phase difference distributions between the incident wave beam and required Gaussian beam.
The relative position of the mirrors and coordinate system are shown in Fig. 1 . Mirror 1 is an elliptic cylindrical surface mirror which can focus the beam in X direction. For KSA method mirror 2 is a quadratic surface mirror, and mirror 3 is iteratively optimized as adapted phase correcting mirror based on the KSA to transform the outgoing wave beam into a fundamental Gaussian mode. For PD method, the theoretical analysis shows that it requires at least two phase-correcting mirrors to complete the design of the mirror system, so mirror 2 and mirror 3 are both beam-shaping mirrors. This paper is organized as follows. Section 2 shows the radiation field of the launcher. Design of a mirror system based on KSA method is described in Section 3, while Section 4 presents the mirror system designed by PD method. The discussion and conclusion are given in Section 5.
RADIATION FIELD OF THE LAUNCHER
The design of the mirror system begins with the analysis of radiation field of the launcher (see Fig. 2 and Fig. 3 ). In order to avoid the outgoing beam from mirror 1 to be reflected by the launcher, the distance between mirror 1 and the launcher should be larger than 60 mm. The field radiated from the launcher is quite divergent in space, and the ellipticity of the beam is 2.85 at the distance of 60 mm from the launcher aperture, which is difficult to use KSA or PD method to design a well-worked mirror system. It is necessary to focus the beam with an elliptic cylindrical surface mirror before designing the beam-shaping mirrors. The surface of mirror 1 is calculated by Equation (1) .
where f e is the focal length, and A and B are the long axis and short axis, respectively. f e/2 = (A/2) 2 − (B/2) 2 . 
KSA METHOD TO DESIGN MIRROR SYSTEM
The mirror system consists of three mirrors. The first mirror is an elliptic cylindrical surface mirror, and it is used to focus the divergent beams radiated from the launcher. The second mirror which is a bifocal mirror shapes the beam incident on the third mirror. The third mirror is an adapted phase-correcting mirror with a complicated non-quadratic shape function of the surface which is designed to produce the desired beam on the gyrotron output window. The reflection of the beam on the phase correction mirror is shown in Fig. 4 . S is the area of mirror 3, and S is the area of the window. u( r ) is an input field on mirror 3. Due to the surface perturbations Δy , the phase difference between the input and reflected field is 2kΔy cos γ, with γ denoting the angle of incidence. There are small altitude changes of the surface on the phase-correcting mirror, which modify the phase of the local plane wave and leave the amplitude of the reflected field at a plane mirror unchanged (see Fig. 4 ) [13] . The theory of KSA method can be described as follows [14] :
where u c (r ) is the reflected field, k the wavenumber in free space of TE 32,9 mode at 170 GHz, i the iteration number, q i ( r ) an error function, u g ( r) the ideal Gaussian field on the window, Δy i+1 the surface deformation of phase-correcting mirror generated by adaptive iteration, and G( r − r ) the Green function in free space which can be written as:
The parameters in Equations (2) and (3) with a superscript " " are related to mirror 3, while those without superscript " " are related to the window in this section. From Equation (2), it can be seen that the KSA is an adaptive iterative optimization algorithm. The mirror shaped by KSA can generate arbitrary field distributions theoretically. The parameters of the mirrors are shown in Table 1 . The reference plane of tilt angles θ x and θ z is the XZ plane at Y = 60 mm for mirror 1. θ x and θ z are the rotation angles of the mirror in the X and Z directions, respectively. For mirror 3, the reference plane is the XZ plane at Y = 100 mm.
With the phase-correcting mirrors, the beam adjusts its phase distribution to Gaussian beam. To compare the correlation between two beams we usually use correlation coefficient. The scalar correlation coefficient formula which is only related to the amplitude of the two beams can be obtained from Equation (4). Equation (5) presents the vector correlation coefficient formula, which shows a relation to both amplitude and phase.
In the above equations, ui is the field calculated numerically, and ug is the ideal Gaussian field. φ i and φ g are the phases of ui and ug , respectively. The beam waist radius of the ideal Gaussian field u g is 29 mm on the window in this paper. Figure 5 shows the surface profile of mirror 3, which is Δy in Fig. 4 . In Fig. 6 , it can be seen that when the iteration number is 20, the scalar correlation coefficient and vector correlation coefficient converge to 99.45% and 98.12%, respectively. The field amplitude (dB) distribution and phase pattern distribution on the window before phase-correcting (see Fig. 7 ) and after phase-correcting (see Fig. 8 ) are calculated. The black circle represents the edge of the window with a radius of 60 mm in Fig. 8 . In Fig. 8(a) , the thick contours are the ideal Gaussian field distribution on the window, and the thin contours is the field distribution radiated from mirror 3 after phase-correcting. The collected normalized power of this mirror system on the window is 0.9911, indicating that a transmission efficiency is 97.25%. Fig. 9 describes the radiation field of mirror 3, in which (a), (b), and (c) give the field distributions on the cross sections of Y = −100 mm, −400 mm, and −700 mm on the beam propagation axis, respectively. The beam does not diverge and has a good alignment property after reflected from mirror 3, which is still kept after a long distance of propagation.
PD METHOD TO DESIGN MIRROR SYSTEM
For the wave beam radiated from the launcher, astigmatism and ellipticity of the beams cannot be well corrected by those mirrors designed as toroidal, ellipsoidal, and paraboloidal surfaces. Besides adding a phase-correcting mirror after the bifocal mirror to reduce ellipticity and astigmatism, as introduced in Section 3, PD method can also be adopted [6, [17] [18] [19] . The parameters of the required beam can be obtained by: where k is the wave number; w m2 is the beam radius on mirror 2 which is calculated from the beam radiated from mirror 1; w m3 is the beam radius on mirror 3 which is calculated from the ideal Gaussian beam on the window; y m2 and y m3 are the positions of mirror 2 and mirror 3, respectively; w 0out and y 0out are the waist radius and waist position of the required beam respectively. Assuming y m2 = 0 the solutions to Equation (6) are as follows [6 
where A, B, and F are the factors introduced during the process of solving Equation (6) . L 23 is the distance of mirror 2 from mirror 3. With respect to the different parameters in the X and Z directions, Equation (6) should be solved in the two perpendicular directions. The surface equation of mirror 2 can be written as follows [6] :
with
where S(x, y, z) is the surface position of mirror 2, β the incident angle of the beam on the mirror 2, φ out the phase pattern of the required wave beam, φ cout the phase center of φ out , φ in the phase distribution of the incident beam on the flat mirror 2, and φ cin the phase center of φ in . Same ways can be used to design mirror 3. Parameters of the mirrors are shown in Table 2 . Initially, mirror 2 and mirror 3 are plane mirrors. Figure 10 shows the surface profile which is S in Equation (5) in Fig. 11(a) and Fig. 11(b) , respectively. The field amplitude (dB) distribution and phase pattern distribution on the window before beam-shaping mirror design are shown in Fig. 12 . Fig. 13 represents the field amplitude (dB) distribution and phase pattern distribution on the window after the design of the beam-shaping mirrors. In Fig. 13 , the explanations of the black circle, thick contours, and thin contours can be found in Fig. 8 . The scalar correlation coefficient and vector correlation coefficient are 99.73% and 98.85% respectively in Fig. 13(a) . The window collects a normalized power of 0.9921 with a transmission efficiency of 97.67% for this mirror system. The radiation field of mirror 3 in this mirror system also has good alignment property. It focuses well and has no divergency (see Fig. 14) . Table 3 shows the transformation of incident elliptical Gaussian beam by two mirror systems. The incident beam in Table 3 refers to the beam incident on the mirror 2. Both the KSA and PD methods can adjust the ellipticity and astigmatism of the incident beam. The results of adjusting ellipticity by the two methods are similar, while the result of adjusting astigmatism by PD method is better than KSA method. The vector Gaussian mode content on the window is above 98%, and the transmission efficiency achieves 97%, which greatly improves the efficiency of the quasi-optical mode converter. Compared with PD method, the numerical simulation implementation of KSA method is simpler but more time-consuming because of the iterative calculation, especially in the design of mirror system with high frequency and large size. Generally, the iteration number of KSA method should not be less than 20 to achieve a converged result. For PD method, the design of the mirror system can be completed by solving Equation (6) , and the scalar diffraction integral needs to be calculated only three times. It costs 17.01 minutes to design the mirror system using a computer with 16 GB memory and Intel Core i7 CPU at 3.4 GHz with PD method. However, the KSA method takes 131 minutes.
DISCUSSION AND CONCLUSION
Therefore, KSA method is more suitable for the design of a small-size mirror system at low frequency and low astigmatism incident beam. In comparison, PD method can be applied more widely, but the mirror system designed by this method has two beam-shaping mirrors, which is more complicated than KSA method in practical implementation. An appropriate method should be chosen accordingly to design the mirror system.
